Aims. The emission of decimetric flare radiation, in particular narrowband spikes and pulsations, is generally considered to originate in accelerated, non-thermal particles. On the other hand, non-thermal hard X-rays are also understood to be products of this acceleration. Do radio emission and hard X-ray signatures originate from the same acceleration process? A strong correlation between the light curves in the radio and HXR ranges may help answer this question. Methods. The delay between the radio and hard X-ray emission was determined by cross-correlation. The time profiles of X-ray and radio emission include a wide range of energies and frequencies. Thus, correlation is not simply a yes/no question, but must be systematically searched for in various ranges. The high spectral resolution of RHESSI ensured that it was possible to carefully choose the energy range, excluding thermal emission. The broad bandwidth of Phoenix-2 allowed the selection of any emission in the full decimetre range. The energy range and duration in hard X-rays, and the frequency range in radio spectrograms were chosen to optimize the correlation. The cross-correlation coefficient was then analyzed by a Gaussian fitting method. Results. The measured delays have a distribution of FWHM 4.9 s and 4.7 s for pulsations and spikes, respectively, evaluated from such a Gaussian fitting method. The mean delay for pulsations was found to be −1.4±0.9 seconds (minus indicates that hard X-ray emission comes first), and for narrowband spikes to −2.5 ± 2.5 seconds. There are broad wings in the distribution, which we interpret as chance coincidences. The delays do not depend on centre frequency, cross-correlation coefficient, duration of the correlating sequence, and position on the disk. However, we find an increase in the delay for the spikes with GOES magnitude (peak soft X-ray emission) of the flare and with peak hard X-ray flux. This was not the case for pulsations. Conclusions. In contrast to previous reports, the average delays for all pulsations and all spike groups are consistent with zero. Thus, correlated decimetric pulsations and spikes are, on average, concomitant with non-thermal X-rays.
Introduction
The intense emission of decimetric radiation from solar and stellar flares is generally considered to originate from non-thermal electron velocity distributions. These distributions can be unstable to maser emission or plasma waves that couple coherently with radio waves. Non-thermal velocity distributions originate directly from acceleration processes in flares, or may be driven to instability by particle trapping or propagation. The prototypical association of acceleration and radio emission is the correlation of narrowband spikes with type III bursts in metre waves (Benz et al. 1996) , where the type III bursts are caused by propagating electron beams and the spikes are emitted close to or inside the acceleration region by some unknown process. Direct radio emission from the acceleration region may provide information about the mechanisms involved in this region.
On the other hand, hard X-rays (HXR) emitted by nonthermal electrons are known to be produced by this type of acceleration. If the radio and X-ray emitting electrons were accelerated by the same process, a correlation should exist between the two types of emission. In contrast, radio emission correlating with HXR possibly carry complementary information about acceleration or particle propagation and trapping. Benz et al. (2005) showed that about every HXR flare is associated with coherent radio emission, where associated means that the radio event occurs during the enhanced HXR emission. However, for a correlation to exist, we require that both of the light curves, radio and X-ray emission, evolve at the same time. The occasional strong correlation has been reported between type III bursts and X-rays (Kane 1972; Kane 1981; Kane et al. 1982; Aschwanden et al. 1995; Arzner & Benz 2005) . Here, we concentrate on radio emission that is not classified as type III bursts, thus is presumably not emitted by propagating electron beams. Coherent radio emission at decimetre wavelengths originates in either a plasma density between 3×10 8 and 3×10 10 cm −3 or a magnetic field between 100 and 1000 G, assuming second harmonic emission is present. Both ranges cover values typically expected for flare acceleration regions.
Among the different types of coherent emission in the decimetre range, narrowband spikes are of greatest interest as possible radiations from close or within the acceleration region in analogy to the radio emission in the metre wavelength band. A close correlation between narrowband spikes in the decimetre range and HXR was first reported by Benz (1985) and Benz & Kane (1986) . Since the peak flux of individual spikes does not vary significantly in the course of a flare, the number of spikes also correlates with the HXR flux (Benz 1985; Aschwanden & Güdel 1992) . Around 95% of the radio events with narrowband decimetric spikes are associated with HXR emission . The time profile integrated over the band, in which spikes were observed, and the time profile of HXR were found to have a high cross-correlation coefficient Aschwanden & Güdel 1992; Fárník & Karlický 2005) . However, Güdel et al. (1991) noted that the X-rays are observed 4±9 s earlier than the radio emission. Aschwanden & Güdel (1992) reported that the spikes appear later by between 2 and 5 seconds, the greater the HXR flux, the later the radio emission. However, Fárnik & Karlický (2005) found no similar correlation for a smaller sample. The reported delay of decimetric spikes was generally interpreted as implying that the spikes are a secondary effect caused by propagation and/or trapping (review by Fleishman & Mel'nikov 1998) . On the other hand, Fleishman et al. (2003) correlated radio spikes in the 1.2−3.4 GHz frequency range with gyrosynchrotron emission at 6.6 GHz. On average, they found that the spike emission arrives 5.1 s earlier. There is a general delay between the centimetric emission and the HXR of on average 0.2 s at 10.6 GHz (Cornell et al. 1984) . At low time resolutions, which emphasize longer time scales, the delay in the centimetre emission is typically 2 s (Starr et al. 1988; Lu & Petrosian 1990) .
Narrowband spikes are relatively rare tracers of acceleration. Among all solar flares observed in soft X-rays (SXR) by GOES (Dabrowski et al. 2005) and in HXR by HRBS/SMM (Aschwanden & Güdel 1992) , only 2% of them are associated with decimetric spikes. The number increases to 14 % for spikes originating in flares observed in HXR by the RHESSI satellite .
For quasi-periodic, broadband decimetric pulsations, the association rate is 80% . Decimetric pulsations have various shapes and structures (Güdel & Benz 1988; Isliker & Benz 1994; Jiřička et al. 2002) . Some have short duration elements comparable to those of spikes. The first systematic research on the association of decimetric pulsations with HXR was conducted by Aschwanden et al. (1990) . They also found occasional correlations. Investigating the correlation in more detail, Kliem et al. (2000) reported an anticorrelation between the fine structures in pulsating radio emission and HXR. This anticorrelation could also be interpreted as a phase shift or delay of 1.3 s. Arzner & Benz (2005) reported a delay of HXR relative to decimetric pulsations between −6 s and 0.46 s. The mean delay was −1.1 s (HXR first) and did not differ significantly from zero. We finally note that pulsations appear both in the rise phase of SXR (impulsive phase of flare) as well as in the decay phase of SXR (Magdalenić et al. 2002) .
Here, we present an investigation of the relation between coherent decimetric emission and HXR. The radio emission was observed by Phoenix-2 Messmer et al. 1999) . For the first time, we have the possibility of a systematic investigation of the radio-HXR relation for the range from 300 to 3000 MHz. HXR were observed by RHESSI (Lin et al. 2002) . The high spectral resolution of RHESSI made it possible to both carefully choose the energy range and maximize the non-thermal counts, excluding thermal emission. We use the method developed by Arzner & Benz (2005) and apply it to the full set of available data, focusing on decimetric spikes and pulsations.
Observations
Phoenix-2 is a broadband radio spectrometer located at Bleien, Switzerland (8
• 6'44"E, 47
• 20'26"N). The antenna has a parabolic 7 m dish. The frequency-agile spectrometer measures the total flux density and the circular polarization (bandwidth: 1, 3 or 10 MHz). It records the full Sun radio emission between 100 MHz and 4 GHz from sunrise to sunset. During the time of the selected observations, the 2000 measurements available per second were distributed into 200 frequency channels, yield- observed by the Phoenix-2 radio spectrometer (top) and the RHESSI X-ray satellite (bottom). The event was selected for detailed analysis. The radio spectrum was cleaned from interference and shows a decimetric pulsation. The X-ray counts were binned to 2 s in time and to 3 energy channels.
ing a time resolution of 0.1 second in each channel. The radio data were calibrated and cleaned from terrestrial interference using standard routines. The radio flux density was correlated with RHESSI data. The polarimetric data were used only for additional help in the classification of the solar radio events, in particular for identifying and eliminating type III bursts and gyrosnchrotron radiation that are generally weakly polarized. The radio spectrogram is integrated over a finite bandwidth to obtain a single time profile. The broad bandwidth of Phoenix-2 allows us to select any emission in the full decimetre range. An example of the data is presented in Fig. 1 . The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) satellite observes X-rays in the range from 3 keV to 17 MeV. The germanium detectors register photons with an energy resolution of about 1 keV. The high spectral resolution allows us to differentiate well between thermal and non-thermal emissions and to carefully select the energy range of non-thermal photons to be correlated. The imaging technique requires the satellite to rotate with a period of about 4 s, modulating the signal. To allow for higher time resolution, the time profile must be demodulated. Using the information for the satellite pointing and the X-ray source position on the solar disk, the modulation can be calculated and eliminated. We use a visibility-based method by Arzner (2004) .
The accuracy of the timing of the two instruments is essential to the study of temporal correlation, because time delays may have instrumental origins. In Phoenix-2, the time stamp is given by GPS. The timing is delayed by two instrumental effects: (i) the delay of the solar signal by internal electronics, which amounts to 22 ± 2 ms; (ii) the time of the frequency-agile spectrometer refers to the first channel. Thus, the timing of the n th channel is shifted by (n − 1)×0.5 ms, which is on average by 50 ms. The RHESSI clock is also locked to GPS, and its time stamp is set to within approximately 1 µs. A systematic effect arises from the different light travel times to Phoenix-2 and RHESSI. The maximum possible delay is given by the radius of the Earth, and is thus 20 ms. The radio signal is thus systematically delayed by 0.072 ± 0.07 s. The mean delay has been corrected in the following where relevant. Solar effects may cause far longer delays. Of particular importance are the reduced propagation speed of radio waves in the coronal plasma and the possibly greater distance of the origin of X-rays emitted from the footpoints. These effects are discussed later.
Data selection
Since there are decimetric pulsations without enhanced X-ray emission and X-ray flare emission without decimetric pulsations or spikes, the selection is very important. There may thus be radio and X-ray emission without direct relation to each other. The selection must exclude chance coincidences on the one hand, but include directly connected emission with considerable delays. The new data allowed not only a selection of events, but a more effective search for correlations between emission in the X-ray energy range and radio frequency range than in previous investigations.
The selection was completed from flare radio emissions classified as "decimetric spikes, pulsations or continua" (abbreviated as DCIM) from the Phoenix-2 burst list published in Solar and Geophysical Data. The time interval covered February 5, 2002 (date launch of RHESSI satellite) until the end 2007. Out of the initial 870 DCIM events, 425 were observed simultaneously with RHESSI. The events were inspected in quick-look images. Continua that increased toward higher frequencies beyond 4 GHz were excluded as possible gyro-synchrotron emissions. Furthermore, we required a temporal coverage by RHESSI of at least 75%. This reduced our sample to 169 events. Out of these, 107 radio events were of the decimetric pulsation type and in 32 events we found narrowband spikes.
In addition to entire events, we also studied isolated groups of pulsations or spikes within an event. Every group was analyzed individually. Because of the large number and often long duration of observed pulsations, for detailed analysis we chose only groups well separated from other emission. Since spikes are not as frequent, we studied all events, but distinguished well isolated groups of spikes from spikes that were mixed with other types of radio emission. Groups of spikes with only a few spikes were excluded. Furthermore we omitted, -groups of pulsations and spikes during which the attenuator on RHESSI satellite was changed; -groups during which problems with the positioning of the RHESSI satellite occurred; -groups during which RHESSI went into eclipse or South Atlantic Anomaly; -long duration events beyond 15 minutes; -groups with unavailable source positions, which is needed for demodulation.
By excluding groups and events with poor data, we finally obtained 102 groups (50 radio events) of pulsations and 25 groups (19 radio events) of spikes with good RHESSI coverage.
The final step was the most difficult. From the HXR covered groups and events, we had to exclude those that appeared not to be correlated, i.e., their time profiles obviously differed from the HXR light curve. Next we applied a cross-correlation with HXR for a total of 37 groups (28 radio events) of pulsations and 12 groups (10 radio events) of spikes with the method described below. From this selection, we excluded events if the peak of the cross-correlation function between radio and HXR was delayed by more than 20 s and −20 s to reduce the risk of chance coincidences. This limit is justified later from the distribution of the observed delays showing a bell-shaped kernel and a flat background. Finally, 33 groups (26 radio events) of pulsations and 11 groups (9 radio events) of spikes remained in the selection for the detailed analysis.
The selection reflects the number of events that are well correlated with HXR: 32±6% of the groups (52±10% of the events) of decimetric pulsations, and 44 ± 24% of the groups (47 ± 29% of the events) of all narrowband spikes.
Radio-HXR correlation and data analysis
The delay between decimetric radio emission and HXR is determined by cross-correlation. To increase the accuracy, the RHESSI signal is demodulated before cross-correlation, using the code described in Arzner & Benz (2005) .
In the first step, we select a time interval and an energy range from a spectrogram of HXR emission. The range is restricted to non-thermal emission, which usually determines the lower limit to the range, and defined to avoid background noise, which determines the upper limit. Secondly, a time-frequency range is chosen from the radio spectrogram to select the pertinent radio emission. In the third step, the selected dynamic radio spectrum is integrated with frequency to obtain a light curve. The HXR spectrum from the selected box is integrated with energy and binned to the time resolution of the radio data (0.1 s) to obtain the HXR light curve. The linear trends are then subtracted from both curves, by assuming that the trend is similar to a background and independent of the modulation (see Fig. 2 
-top and middle row).
In the end, the cross-correlation between radio light curve and HXR curve is carried out and the cross-correlation coefficient is plotted versus time shift (Fig. 2 -bottom panel) .
The delay is defined as the time difference between the radio signal and HXR. It is defined to be positive if the radio emission precedes. There are two definitions of the delay:
-the time shift of the peak of the cross-correlation function.
This will be referred to as the "maximum method" in the following; -since the cross-correlation coefficient sometimes has a rather flat peak, the delay measurement can be improved by a Gaussian function fit to the cross-correlation function ("Gauss method").
For both the maximum method and the Gauss method, the peak value of the cross-correlation function was also determined to quantify the quality of the correlation. In the following, it is simply referred to as correlation coefficient.
To determine possible relations between the delay and other parameters, we use linear regression analysis. The output variables (regression coefficient and standard deviation) are computed in the following 3 ways:
-ordinary least-squares regression y versus x; -ordinary least-squares regression x versus y; -bisector between the two.
Since all parameters are measured quantities, we use all three methods to test the robustness of the result. As a reference value for final results, we refer to the bisector.
Results
We present a temporal comparison between the radio and HXR emission during spikes and pulsations, which were selected for the purpose of identifying possible correlations.
Delays
The selected groups of pulsations and cross-correlation results are presented in Table 1. Table 2 presents the same for narrowband decimetric spikes. The difference between the delays determined by the Gauss method and the maximum method is of the order of seconds. Some of the largest differences, such as those of the events 25.10.2004 (pulsations) and 11.06.2003 (spikes) , occur for low correlation coefficients. Tables 1 and 2 also give the mean values of the soft X-ray flux observed by GOES and the HXR flux observed by RHESSI in the correlated interval. They indicate the flare class and HXR count statistics to be used later in the regression analysis.
Negative delays mean that HXR emission precedes radio emission. We note that there are both positive and negative delays. In the majority, the delays determined by the maximum and Gauss methods have the same sign. Using the Gauss method, 18 groups of 33 (55%) with pulsating decimetric emission show a negative delay. The number of spike groups is smaller, but the results are very similar: 7 groups of 11 (64%) have a negative delay. For both pulsations and spikes, the differences between Gauss method and maximum method are insignificant. We note that the slightly higher number of negative delays is statistically insignificant. Positive and negative delays appear to be equally likely.
The mean delays of pulsations and spikes are presented in Table 3 . The table summarizes the averages over all groups listed in Tables 1 and 2 . The standard error of the mean value is given by the standard deviation divided by the square root of the number of samples (Poisson statistics) for pulsations. Since the number of spike groups is lower than 30, the error was corrected using Student's-t statistics. The correction number amounts to a factor of 1.812 according to 10 degrees of freedom and a statistical reliability α = 0.9. For both pulsations and spikes, the Gauss and maximum methods agree to within the standard error of the mean, although for individual cases the two methods may deviate considerably as noticed in Tables 1 and 2 .
The distribution of the delays is broad. The standard deviation evaluated for all groups in Tables 1 and 2 equals 4.9 s and 4.0 s for pulsations using the Gauss and maximum methods, and 4.7 s and 4.5 s for spikes from the Gauss and maximum methods.
Figures 3 and 4 present the delay distributions for pulsations and spikes. A Gaussian was fitted into the histogram, using a bin width of 1 s, and is also shown in the figures by the solid curve. This fitting of the delay distribution yields an alternative estimate of the FWHM, the mean delay, and its error. The results are given in Table 3 .
The fitting weights the result towards the kernel of the distribution around zero delay. For the standard deviation analysis, the wings have more weight. Thus, the difference suggests that 45.3 a Position from the centre of the solar disc b Photon low-energy limit c Frequency band d Correlation coefficient for Gauss method e Delay for Gauss method f Correlation coefficient for maximum method g Delay for maximum method h GOES (1−8 Å) soft X-ray flux i RHESSI hard X-ray flux in the analyzed photon energy range the distribution is not Gaussian, but consists of a kernel around zero delay and broad wings.
We conclude from the various statistics of the delay signs and the mean value of the delays that individual pulsation and spike groups may have delays of several seconds in the positive and negative direction. We note that in both types of emission there are wings in the distribution of delays of up to ±10 s and more. There is a trend for negative delays (HXR first), which produce average delays of about −1 second (see second line in Table 3 ). However, this trend is statistically insignificant and not robust. If the mean is marginally different from zero for one method, it is not in the other method. Thus, we conclude that the average delays for both pulsations and spikes in our data are consistent with zero.
Correlation coefficient
The correlation coefficient for pulsations evaluated by the Gauss method is between 0.18 and 0.96, and for the maximum method it is between 0.18 and 0.98. The mean correlation coefficient for pulsations evaluated by the Gauss method is 0.7 and by the maximum method 0.8. The correlation coefficient for spikes evaluated by the Gauss method is between 0.32 and 0.90, and for the maximum method is between 0.32 and 0.95. For spikes, the mean correlation coefficient evaluated by both the Gauss and maximum method is found to be 0.7.
The correlation between decimetric radio emission and HXR is not excellent, but statistically highly significant for individual events. −1.4 ± 0.9 −1.7 ± 0.7 −2.5 ± 2.5 −2.1 ± 2.5 Gauss fit to delay distribution [s] −0.9 ± 0.3 −2.0 ± 0.5 −0.6 ± 0.7 −0.5 ± 0.2 
Relations of delay to other parameters
In Fig. 5 and 6 , the 33 pulsation groups are displayed as Xray flux versus delay. Pulsations are symmetrically distributed in terms delay with no obvious correlation with X-ray flux. However, they show a trend of having a lower absolute delay with higher HXR flux. Figures 7 and 8 display the 11 spikes groups. They are not symmetrical in terms of X-ray flux, but the higher the X-ray flux, the longer is the delay. This trend, however, is dominated by 2 groups out of 11.
To verify the visual impression, we use linear regression as described in Sect. 4. The results of the three methods of regression are similar. For simplicity, we report our results only for the bisector value in Table 4 . The significance of the statistical result can be seen most clearly in the ratio of slope coefficient b to its standard deviation ∆b. It is lower than or equal to a factor of 3 for pulsations, but higher than 3 for spikes. The results are: -there is no relation between delay and X-ray flux for the pulsations; -the delay decreases (more negative) with X-rays for spikes, thus the slope coefficients are negative.
The regression analysis suggests that the correlation between spikes and X-ray flux is statistically significant. The equations for this relation are the following (Gauss method):
where f RHESSI is the number of RHESSI counts per second per subcollimator at peak and τ is a delay in s.
where f GOES is the GOES soft X-ray flux in the 1 − 8 Å range in units of W m −2 . Other parameters were also compared with negative results for pulsations and spikes:
-no relation between delay and centre frequency; -no relation between delay and cross-correlation coefficient; -no relation between delay and duration; -no relation between delay and radial position from centre of the solar disk; -no relation between radial position from centre of the solar disk and cross-correlation coefficient.
Discussion
The distributions of delays in both types of emission and with both methods peak around zero, in particular for strong events. There are, on the other hand, also surprisingly large delays in both directions.
The results from the analysis of the delays that need to be discussed are:
-the delay of individual HXR groups or all events relative to associated decimetric pulsations and spikes, which is of the order of several seconds and can be positive or negative; -the distribution of the delays in time that has two components: a kernel and broad wings; -the distribution of the kernel that has a mean shift compatible with zero.
Origin of delays
We suggest the following interpretations: 1. Decimetric pulsation or spike emissions and X-rays occurring during a flare have two kinds of relation: (i) chance associations that occur during the same flare, but have different acceleration sites, and (ii) pairs with a direct causal link and common acceleration event.
The first kind (i) appears as broad wings in the delay distributions. Most events beyond some three standard deviations of the kernel belong to this population. The second kind (ii) forms the kernel of the delay distribution. The mean delay averaged over the kernel is about −1 second, but statistically compatible with zero.
2. The width of the kernel is produced mainly by two opposing effects: (i) the delay of HXR from footpoints in the chromosphere at a larger distance than the radio sources in the corona; (ii) radio waves propagate in a plasma slower than the speed of light. Effect (i): Benz et al. (2002a) reported the location of decimetric spike sources some 20" to 400" away from the HXR source.
Their observations corresponded to a frequency of 420 MHz and 432 MHz. Allowing for projection and lower altitudes at higher frequencies, we conclude that X-rays can be delayed by about one second. The non-observation of a centre-to-limb effect may be due to its small influence relative to other effects. Effect (ii): the delay of radio emission caused by the group velocity v gr being lower than the speed of light c is called the group delay and is given by
integrated from the source to the observer. The group velocity is calculated from the dispersion relation of radio waves in plasmas. For ω ≫ Ω e ,
where ω is the observing frequency, ω p is the plasma frequency, and Ω e is the electron gyro-frequency. Substituting Eq. (4) (Benz 2002b) , where n e is the electron density in cm −3 , n 0 e the electron density in the radio source, and H n the density scale height in cm. For ν = 1 GHz, n 0 e = 10 10 cm −3 , and H n = 10 10 cm, the group delay τ is 0.13 s, assuming vertical propagation. It is longer for fundamental emision, and shorter for the second harmonic. Benz & Pianezzi (1997) studied the delay beetwen different polarites for weakly polarized decimetric spikes. They found a delay of approximately 100 µs between different spike polarities. The group delay for pulsations was studied by Fleishman et al. (2002) who reported a delay of up to 20 ms in an exceptional event at 2.8 GHz.
We note that these delays of solar origin are much longer than the instrumental delays (Sect. 2), but insufficient to provide an adequate explanation of the observed width of the delay distribution. Note to the Table: The delay of the X-rays is determined from the cross-correlation between decimetric pulsations and spikes with HXR flux (Tables 1 and 2 ). Linear regression is applied and the bisector reported. The function has the form f = a + bτ, where f is the X-ray flux (RHESSI for hard X-ray and GOES for soft X-ray) and τ is the delay using the Gauss or maximum method.
Comparison with previous reports
The mean value of the delay distribution of spikes differs from previous studies and is in-between the negative values reported by Aschwanden & Güdel (1992) and Fárník & Karlický (2005) for HXR and the positive value found by Fleishman et al. (2003) relative to gyrosynchrotron emission. We first note that the distribution of delays agrees broadly with the previous reports (Sect. 1). This holds for pulsations (Arzner & Benz 2005) as well as for spikes Aschwanden & Güdel 1992) . The relatively broad distribution of the kernel population reduces the accuracy of the mean. In addition, events from the broad population of chance coincidences in the sample with long positive and negative delays, may dominate the mean value. Thus, the sign of the mean has a large random scatter. In the cases of Fleishman et al. (2003) and Fárník & Karlický (2005) , the number of events was 6 and 5, respectively, and the mean delay did not differ statistically from zero.
The disagreement with Aschwanden & Güdel (1992) is more surprising. We note several possible origins: (i) obviously the timing of modern instrument is more accurate than in previous studies, but it can hardly explain the size of the difference; (ii) the energy range considered. While Aschwanden & Güdel (1992) based their comparison on the HXR flux from 25−50 keV, this study uses mostly lower HXR energy photons ( Table 2) . Because of the time-of-flight effect, low-energy electrons producing preferentially lower energy photons are delayed. However, the effect is of the order of a tenth of a seconds (Aschwanden & Schwartz 1996) and cannot explain the difference; (iii) since we can choose the low-energy integration limit of non-thermal photons, we selected also smaller events. Furthermore, the selection of Aschwanden & Güdel (1992) was limited to radio emissions below 1 GHz. It is unclear, however, how our more complete selection is responsible for the difference; (iv) most significant may be the different definition and selection for correlation. Aschwanden & Güdel (1992) use all events with joint observed HXR emission, this study distinguishes between "associated" events when the radio event occurs during the enhanced HXR emission and "correlated" when both light curves, radio and X-ray emission, evolve at the same time. Only the latter were selected and only if their delay was shorter than ±20 s. The selection was not biased by the sign of the delay, but reduced the events by a factor of 3. This allows us to distinguish more precisely between the two populations and reduces the effect of the chance coincidence population.
Conclusions
An extensive comparison between coherent flare radio-emission with non-thermal HXR has been completed using data collected during half a solar activity cycle. The data from Phoenix-2 includes 102 groups of decimetric pulsations and 25 groups of decimetric narrowband spikes well covered by good RHESSI observations. From these initially radio-selected emissions, we have found that 32±6% of the pulsations correlate in time with HXR emission, allowing for delays of up to ±20 s. In 44 ± 24% of the decimetric spikes, there is correlated HXR emission.
The delays between radio and HXR emissions vary from group to group. The FWHM width of the delay distribution is about 10.6 s for both types of emission. The delay distributions ( Fig. 3 and 4) show that the population consists of a narrow kernel with FWHM of some 4.5 s (Gauss method) and an overpopulation of delays in the wings. We interpret these wings as chance coincidences. This concurs with the observation noted above that many decimetric pulsations and spikes are associated but only a third are correlated with HXR.
The delays by solar effects that shift the possible emission of the same population of electrons, include the longer propagation path of X-rays and the delay of the radio emission by propagation in a plasma. These two effects can explain a distribution width of about 1.5 s. Instrumental and terrestrial effects contribute less than 0.2 s. Thus, the observed broad distribution of FWHM ±2.3 s can only partially be explained by delays.
The kernel of the delay distribution is nearly symmetric and centred on zero ( Fig. 3 and 4) . The radio emissions are delayed on average by about 1 s, but the mean values do not differ significantly from zero, which contradicts the results of earlier work. By identifying a subgroup of decimetric emission that is strongly correlated with HXR, and has a mean delay consistent with zero, we infer that coherent radio emission is generated by particles originating from the same acceleration process as the HXRemitting electrons. This strong radio/HXR correlation may often be undetected because of low radio emissivity or severe radio absorption.
The correlation between the delay of decimetric spikes and the SXR peak flux, previously reported, has been found to be statistically significant. However, the regression is dominated by two groups with delays of 10 s and more (Fig. 7) . These groups may be correlated by chance (see above). Thus, the correlation is not beyond doubt and needs further confirmation.
Radiation correlating with the HXR is related to the main energy release and may provide information about the primary flare process. An occasionally good correlation may indicate a more general, but usually hidden close association. After identifying a population of decimetric pulsations and spikes correlated with HXR, the next step will be to locate these events spatially and compare them to other imaging data. With this information, it will be possible to determine whether this radio emission originates in the acceleration region or is a secondary effect caused by propagation or trapping.
